Abstract. A statistical modeling tool is presented that enables real-time viewing of how changes in method, process, and stability variability/bias impact product acceptance rate. The tool can be used to set and justify specifications. As needed, additional sources of variability/bias can be added to further optimize the tool's prediction power. The tool can be used to assess each manufacturing run to ensure the process is in control. Aberrant results can then be investigated to see what source of variability/bias may have changed. To enable continuous improvement, the impact of new processes, methods, or technologies can also be addressed and such changes justified.
Performing development to assure adequate pharmaceutical manufacturing process understanding is required by health authorities globally. Statistical modeling of the manufacture process can be used to show this understanding. Such modeling is becoming more of a regulatory expectation for pharmaceutical products, evident in the FDA Validation Guidance (1), ICH Q8 (R2) Guidance (2) , and various regulatory presentations (3, 4) . Such modeling is needed to inter-relate the various manufacturing sources of variability to show how changes in any of these affect the overall drug substance and drug product quality. In addition, such modeling makes business sense, as it: 
& Enables continuous improvement
Two main sources of variability are needed to develop a model: variability of the process and variability of analytical methods used to test the product. Understanding each of these separately is not enough. We need to understand how they inter-relate and influence each other. Only then can we ensure product quality. Presented here is a unique tool to show this inter-relationship to set specifications, a control strategy, and enable continuous improvement.
Components of Variation
There are many other sources of variability: Once these sources of variability are determined, acceptable specifications can be set.
Setting Specifications-Product Acceptance Criteria
Specification setting is a continuous process that needs to be employed throughout the development cycle. It starts early in development with setting wider specifications; then, tightening these as the sources of variability are reduced. Developing models and tools to visualize and quantify variability will help in setting specifications.
Control Strategy and Continuous Improvement
Once the specifications are set, a control strategy is needed to ensure they are continuously met. This control strategy needs to enable continuous improvement and movement to new technologies. Again, having a modeling tool is essential to meet these goals. This paper presents examples of how method and process variability can be determined; then, how these variabilities can be modeled to show their inter-relationships and influence on product acceptance criteria. This model, termed an Accuracy to Precision (AtP) model, would help meet the goals of Quality by Design; and, in turn, the ICH Q8 (R2) and FDA Validation Guidelines. (The AtP model uses a non-Bayesian type approach. For the reader interested in Bayesian approaches, they are directed to these references (5-7)).
CASE STUDIES Determining Method Variability and Bias
Method variability can be determined through a recovery study where multiple levels of drug substance are spiked at 75, 100, and 125% of target label into separate solutions of placebo. The data for such a study is then statistically analyzed. The resultant analysis shown in Fig. 1 shows the root mean squared error (RMSE) is 1%. Fig. 2 shows the distribution plot of the percent recovery data indicates the mean has shifted by 1%. This is the bias of the method. These values for method variability (1%) and bias (1%) will be used in the AtP model.
This method development and validation is the first key step, to understanding method variability, so this can be factored out of the overall product variability to determine the process variability.
Note that based on the phase of development, a broader DOE-based validation approach can be performed if new dosage strengths or formulations are anticipated. Such an approach is outlined in the following Method Validation by Design (MVbD) reference (8) .
Determining Product Variability and Bias
Overall product variability is typically determined by assaying samples across a manufacturing run at equally spaced time intervals. Figure 3 shows a graphical representation of such data showing the overall product mean at 99% of target and the variability is 2%. This overall product variability is composed of both the method and process variability as defined by the follow equation: Using this equation and the previously determined method variability, the process variability can be determined, which for this example is 1%.
To determine the process mean, the overall product mean (99%) is corrected for the 1% method bias, equaling 98%.
These values for process variability (1%) and process mean (98%) will be used in the AtP model.
Stability Variability
Another source of variability that can be factored into the model is product stability. For this example, the degradation rate or variability is 0.1% of the acceptance criteria per month. Again, based on the phase of development, this can be determined by Accelerated Stability Modeling (9,10) followed by confirmatory stability studies. For non-linear stability models, the following reference can be used (11) .
The Accuracy to Precision Model
The Accuracy to Precision (AtP) model is generated based on the variability and bias of the method, process variability and mean, and, for this example, the product's stability variability. Based on the data set, a normal distribution for each of the variabilities is assumed (For different data sets, alternative distributions, such as a t-distribution, may be needed and the model adjusted accordingly). Based on the current data set, a model is generated using a prediction profiler, which is available with standard statistical software packages, such as JMP. The equation used by the prediction profiler to determining the B% Samples in Specifications^is below. This and other equations presented in this paper are written in the JMP format for ease of use. The numbers in parenthesis above are the values based on the case study presented.
The Prediction Profiler determines the impact of variability and bias on the overall product acceptance rates as shown in Fig. 4 . For this example, based on the method and process variability of 1%, method bias of 1%, process mean of 98%, and stability variability of 0.1% predicts that 99.76% of the samples will be in specification.
Different values for variability and bias can be entered to determine the percent of samples that will be within specification. The advantage of this tool is it can be used to easily and readily show the impact of changes. For example, if the process variability increased to 2%, the acceptance rate would decrease to 95.94% (Fig. 5) . This means that 4 out of 100 batches would fail specification; and, these would need to be rejected or reworked. Based on the cost of each batch, this could be a significant impact.
Values for %CV, CpK, K Sigma, and PPM can also be readily calculated based on the percent samples in specifications and the specification limits. Equations used for each of these and the data table used to generate the prediction profiler are included in Attachment 1. Figure 6 shows the relationship between method variability and method bias. This is useful as it indicates what method variability and bias are needed to meet the specifications. As long as the combination of method variability and bias stay within the Bwhite space,^the method will be acceptable.
Control Strategy and Continuous Improvement
Using this AtP model, changes in the method and process variability can be monitored with shifts in the B% Samples in Specification^possibly requiring an investigation.
The impact of new analytical technologies and/or formulations is assessed based on their impact on the overall product quality. If the impact on variability still meets the B% Samples in Specification,^then movement to these technologies and/or formulations is justified. This enables continuous improvement for efficiency and quality gains.
This tool can be used to justify moving to new specifications by showing that the desired B% Sample in Specificationî s still met.
As needed, other sources of variability can be added into the AtP model, such as raw materials, process equipment changes, inter-lot variability as well as variability introduced by transferring to different manufacturing and testing sites.
Summary
This paper presents a tool that shows the interrelationship among method, process, and stability variability/ bias and how they impact the percentage of samples expected to be within specification for each manufacturing process run.
The tool also allows additional sources of variability to be added, as needed.
This tool allows assessment of different levels of variability and bias impact on acceptance rate. Additionally, this tool can be used to monitor each manufacturing process to ensure it is in control. The impact of the introduction of new processes, methods, or technologies can also be addressed.
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